SUMMARY Epicardial activation and repolarisation sequences were investigated in patients with upright or inverted T waves in left ventricular leads of the surface electrocardiogram. Fifteen patients were studied: 10 were undergoing coronary artery bypass grafting (upright T waves) and five aortic valve replacement (four patients with T inversion). Monophasic action potentials were recorded intraoperatively from eight to 10 left ventricular sites in each patient. In patients with upright T waves there was an inverse relation between the duration of the monophasic action potential and the activation time (mean slope -1-44). As a consequence, activation and repolarisation proceeded in opposite directions. Dispersion of repolarisation time (14 ms) was less than dispersion of activation time (23 ms). In patients with T wave inversion caused by aortic stenosis there was no relation between the duration of action potential and activation time; the repolarisation sequence resembled the activation sequence, and the dispersion of repolarisation time was greater than the dispersion of activation time (31 and 26 ms respectively).
SUMMARY Epicardial activation and repolarisation sequences were investigated in patients with upright or inverted T waves in left ventricular leads of the surface electrocardiogram. Fifteen patients were studied: 10 were undergoing coronary artery bypass grafting (upright T waves) and five aortic valve replacement (four patients with T inversion). Monophasic action potentials were recorded intraoperatively from eight to 10 left ventricular sites in each patient. In patients with upright T waves there was an inverse relation between the duration of the monophasic action potential and the activation time (mean slope -1-44). As a consequence, activation and repolarisation proceeded in opposite directions. Dispersion of repolarisation time (14 ms) was less than dispersion of activation time (23 ms) . In patients with T wave inversion caused by aortic stenosis there was no relation between the duration of action potential and activation time; the repolarisation sequence resembled the activation sequence, and the dispersion of repolarisation time was greater than the dispersion of activation time (31 and 26 ms respectively).
These results show that there are epicardial repolarisation gradients in man and that these are related to the configuration of the T wave. In patients with upright T waves an inverse relation between the duration of the action potential and the activation time reduces the dispersion of the repolarisation time. When the T wave was inverted this relation was no longer found and the dispersion of repolarisation increased.
The human ventricular activation sequence has been extensively studied. Knowledge ofthe normal activation sequence"2 has contributed to our understanding of the role of abnormalities of activation in arrhythmogenesis.' In contrast, little is known ofthe repolarisation sequence in health or disease. As a consequence the role of repolarisation abnormalities in arrhythmogenesis remains uncertain. Animal studies have shown that increased dispersion of repolarisation is arrhythmogenic,' but it has been difficult to assess dispersion of repolarisation in man. The contribution of regional differences in repolarisation to the genesis of the T wave of the surface electrocardiogram is similarly unclear.7
Epicardial repolarisanon sequence replacement of the aortic valve had dominant aortic stenosis (catheter or Doppler gradients ranging from 60 to 110 mm Hg) and evidence of left ventricular hypertrophy but no or minimal aortic regurgitation. There was T wave inversion in the left ventricular leads ofthe preoperative electrocardiogram in four of the five patients with aortic stenosis. In all four patients, leads I, aVL, V5, and V6 showed an inverted T wave. T wave configuration in leads V3 and V4 was either biphasic or inverted (V3 three patients biphasic, one inverted; V4 two patients biphasic, two inverted). In the fifth patient T waves were upright in the left ventricular leads. Four ofthe five patients with aortic stenosis underwent coronary angiography and none had clinically significant coronary disease.
All The duration of the action potential and the activation time at different epicardial sites were plotted and the regression line was calculated for each patient. Ninety five per cent confidence limits and the statistical significance of the slope of the regression lines were calculated. Before comparison, values in different patients were normalised to eliminate differences caused by reference placement, the duration ofaction potential, and heart rate. For each patient, the results of all left ventricular sites were pooled to provide a mean activation time, action potential duration, and repolarisation time. The deviation of each site from the mean was then determined, thereby providing a normalised estimate of the relative timings of different sites. The normalised values for sites were pooled to determine a mean activation and repolarisation sequence for the study group.
Results

ACTIVATION AND REPOLARISATION SEQUENCES FOR UPRIGHT T WAVES
The activation time, action potential duration, and repolarisation time were studied in 10 patients with upright T waves. An inverse relation was seen between the duration of the action potential and the activation time (fig 3) . The slope of the regression line for the duration ofthe action potential against the activation time was negative in all 10 patients (table  1) . The 95% confidence limits for the slope varied in different individuals, achieving statistical significance in seven patients and borderline significance in two others.
Because the repolarisation time is determined by the sum ofthe activation time and the action potential duration, this inverse relation resulted in a relative uniformity ofrepolarisation times-in eight ofthe 10 patients dispersion of repolarisation time was less than dispersion ofaction potential duration (table 2) . As a further consequence, the repolarisation time in individual patients was in general found to be independent of the activation time (fig 4a) . The exception, patient 10, showed a significant inverse relation between repolarisation time and activation time (slope-109, p < 0 025), reflecting a particularly steep inverse relation between the activation time and the action potential duration (slope -2 09). In view of the variation in the slopes of the regression lines in individual patients, a mean activation time, duration of action potential, and repolarisation time were derived for each site by pooling the standardised data from all 10 patients. Figure 5 shows the relation between the activation time and the duration of the action potential for these standardised site means. There was a close inverse relation between the activation time and the duration of the action potential (slope -1-44,95% confidence limits of slope -1-15 to -1-73, p < 0 001). In contrast with the data for individual patients, a statistically significant inverse relation between repolarisation The areas over the anterior and posterior septum were the last to repolarise; these areas correspond approximately to the earliest areas of activation. There was therefore an inverse relation between the sequences of activation and repolarisation. The dispersion of the mean repolarisation times over the left ventricle was 14 ms.
AORTIC STENOSIS WITH T WAVE INVERSION
We studied activation time, action potential duration, and repolarisation time in four patients with T wave inversion caused by aortic stenosis. In contrast with patients with upright T waves, the duration of the action potential was independent ofthe activation time (table 3) In three of the four patients dispersion of repolarisation time was greater than dispersion of action potential duration (table 4) . The mean activation time, action potential duration, and repolarisation time for each site were derived by pooling the standardised data for all four patients (fig 7) . There was no significant relation between the action potential duration and activation time. As a result, the repolarisation time was significantly related to the activation time (slope 0-86, 95% confidence limits of slope 0-26 to 1 46, p < 0.01). Figure 8 shows the mean activation and repolarisation sequences. The activation sequence was similar to the sequence in patients with upright T waves.
Activation occurred earliest on either side of the septum and proceeded from the septum to the free wall and from the apex to the base. Dispersion of the mean activation times was 26 ms. The repolarisation sequence differed from that in patients with upright T waves; it resembled the activation sequence. Dispersion of the mean repolarisation times (31 ms) was slightly greater than dispersion of activation times.
AORTIC STENOSIS WITH UPRIGHT T WAVES
We studied one patient with aortic stenosis and upright T waves. This patient resembled the other patients with upright T waves in showing a statistically significant inverse relation between action potential duration and activation time (table 3) .
VARIATION IN THE EPICARDIAL TEMPERATURE
In the four patients we studied a two way analysis of variance showed no statistically significant difference between epicardial sites. The left ventricle was considered as a series of four coaxial rings from base (differences non-significant).
In three ofthe four patients the relative magnitude of temperature effects on action potential duration was determined by recording monophasic potentials during cooling. The action potential duration was prolonged (fig 9) . The slopes of the regression lines relating action potential duration and temperature varied between 4 and 12 ms prolongation per°C of cooling.
Discussion
This study presents the first maps of the sequence of human epicardial repolarisation. We showed that epicardial repolarisation gradients do exist and that they are related to the configuration ofthe T wave on the surface electrocardiogram. The relation between activation and repolarisation sequences was different in patients with upright T waves and in those with inverted T waves. STUDY 
LIMITATIONS
It is not feasible to record intracellular potentials from the beating whole human heart. The use of monophasic action potentials as a substitute depends on certain assumptions. Monophasic potentials are of much lower amplitude than their intracellular counterparts. Though their overall duration corresponds closely with the intracellular potentials,89 the point of90% repolarisation is measured in relation to the maximum plateau amplitude and hence may be amplitude dependent. The 90% repolarisation point is only independent of amplitude if the monophasic potential is proportionately reduced from the intracellular potential throughout the whole of repolarisation. Previous studies in isolated rabbit hearts have suggested that this is indeed the case. 9 There are additional problems in studying repolarisation in vivo. Repolarisation '2 In the present study we started mapping after six minutes of bypass to avoid these transient effects. We adopted a strategy of repeated point mapping to ensure that comparisons between epicardial sites would be independent ofany continuing time-dependent influences.
We therefore believe that intraoperative influences on epicardial repolarisation gradients were relatively small.
DISPERSION OF REPOLARISATION
In patients with upright T waves we found an inverse relation between the duration of the action potential and the activation time. The slope ofthis relation was significantly more negative than -1, reflecting inverse activation and repolarisation sequences. A similar inverse relation between the duration of the action potential and the activation time was reported by Franz et al, who recorded endocardial monophasic action potentials in seven patients and epicardial potentials in three patients.'0 By contrast, in patients with T wave inversion caused by aortic stenosis the duration of the action potential was independent of the activation time (table 3) . As a result the repolarisation sequence was largely determined by the activation sequence. Differing relations between the activation and repolarisation sequences ofpatients with upright and inverted T waves have been reported before."
An important consequence ofthe observed inverse relation between the duration of the action potential and the activation time is a reduction in the dispersion of repolarisation. In patients with upright T waves, the dispersion of the repolarisation time was less than the dispersion of duration of the action potential. By contrast, in patients with T inversion caused by aortic stenosis, in whom the duration ofthe action potential was independent of the activation time, dispersion of repolarisation time was greater than that of the duration of the action potential.
Dispersion of repolarisation has been shown to favour the development of arrhythmias,'s so minimising dispersion may be a protective mechanism.
The observed inverse relation between the activation time and the duration of the action potential may therefore represent a fundamental intrinsic antiarrhythmic property of the myocardium.
DIFFERENCES IN EPICARDIAL REPOLARISATION AS DETERMINANTS OF T WAVE CONFIGURATION
The concordance of QRS and T waves in the surface electrocardiogram led to the classic hypothesis that activation and repolarisation must proceed in opposite directions.'4 Such an inverse relation might result from a transmural endocardial-epicardial gradient, from gradients across the epicardial surface, or from both. There is a consensus, from animal studies, that transmural activation and repolarisation gradients are opposite.'51' Whereas activation proceeds from endocardium to epicardium, repolarisation proceeds from epicardium to endocardium. Franz et al have provided evidence ofa similar transmural gradient in man, based on the finding that endocardial repolarisation occurs later, in relation to the QT interval of the surface electrocardiogram, than epicardial repolarisation.'0 For gradients across the epicardial surface the situation is less clear. There is some measure of agreement that refractory periods'7 and action potentials'8 are longer at the apex than at the base. Abildskov found that on the epicardium recovery from refractoriness resembled the activation sequence, whereas there was an inverse relation on the endocardium." Toyoshima et al found differing relations between activation and repolarisation on the anterior and posterior epicardial surfaces.' Spach and Barr found that the apex repolarised later than the base,'5 hence suggesting an inverse relation between activation and repolarisation.
In the present study, we have found that the repolarisation wavefront in individual patients is complex, reflecting differences in repolarisation times between closely adjacent areas of epicardium. A similar complexity of the repolarisation wavefront has been reported in animals.'82' Pooling data between patients showed that activation and repolarisation sequences were opposite--activation proceeded from septum to free wall and from apex to base, whereas repolarisation proceeded from base to apex and from free wall to septum. By contrast, in patients with T inversion, the repolarisation sequence broadly resembled the activation sequence. These findings are consistent with classic theories of the genesis of T waves.They suggest that the normal concordance of QRS and T waves is the result of the observed inverse relation between the duration ofthe action potential and the activation time.
For ethical reasons, our study was confined to the epicardium and simultaneous endocardial recordings were not undertaken. The relative contribution of epicardial and transmural gradients to the T wave remains uncertain. Earlier estimates of dispersion of repolarisation in man, which were based on the variation in QT interval over the body surface, range from 60 to 80 ms in normal subjects. ' The simplest explanation for the inverse relation between the duration of the potential and the activation time is an indirect association through a third factor, such as site. A posterobasal location, for example, might predetermine both a short action potential duration and a late activation time. The question would then be restated as to how activation time and the duration ofthe action potential might be jointly predetermined on a regional basis.
Alternatively, there may be a direct causal relation, such that the duration of the action potential adapts directly to the activation sequence. Although the basis for such adaptation is unclear, there is indeed evidence that the duration of the action potential can alter in response to changes in the activation sequence. Alteration in the ventricular activation sequence, whether caused by ventricular pacing,"2' intermittent left bundle branch block, 27 or intermittent pre-excitation' can produce T wave changes that persist after the restoration ofnormal activation. By inference, the duration of the action potential alters during the period of abnormal activation, resulting in an abnormal repolarisation sequence when normal activation is restored. It can be postulated that an intrinsic property of the myocardium enables the duration of the action potential to adapt to its activation sequence. This would result in a direct link between the duration of the action potential and the activation time and this would provide a possible mechanism for the inverse relation that we found.
